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erogeneity, valence, size of combining siie. and biological properties — 
has resulted from the use of such conjugates. 

The immunochemistry of low molecular weight molecules had its be- 
ginning in the pioneering work ofLandstetner. In 1917, when Landsteiner 
set out to prepare what he called '*arlificiaJ conjugated antigens," ii was 
'*to investigate an almost dogmatic belief . . . thai a special chemical 
constitution, peculiar to proteins, was required for the production of anti- 
bodies."^ We know better now, of course, but it is to these studies by 
Landsteiner that we owe much of what appears in this volume. 

The earliest of his conjugated proteins were prepared by the acy lation 
of the amino groups of serum albumin with chlorides or anhydrides of bu- 
tyric, isobutyric, mono-, di-» and trichloroacetic, anisic, and cinnamic 
acids. This was followed by his better-known studies in which diazonium 
compotmds were allowed to react with hisddine, tyrosine, and tryptophan 
residues of a protein. With these conjugates, he established that the origi- 
nal specificity of the protein carrier was changed by the newly introduced 
groups which, by themselves, were not antigenic, and that cross-reactions 
among sera depended now upon the structural relationships among the 
acyl or azo groups that were covalently linked to the protein. He also 
noted that, in most cases, antibody was produced to the proteif) carrier as 
well and, to he certain of antibodies to the new determinant group, one 
had to test the sera with conjugates made with an unrelated or homolo- 
gous (to the immunized animal) protein. It was his practice to remove any 
of the anticarrier antibody by absorption of the serum with the free pro* 
tein. This is still done, although it is not necessary for radioimmunoas- 
says. Landsteiner also sought to determine the optimal number of hap- 
tenic groups chat gave the best antibody response, and he concluded that 
too much or too little hapten led to a poor response. With serum albumin 
as the carrier, 10 haptenic groups seemed to be Optimal. The major finding 
by Landsteiner, however, related to the exquisite specificity of the anti- 
sera, as was so beautifully demonstrated by his classical studies with i.-, 

and m^jro- tartaric acids. 

Thus, Landsteiner* s work established many of the ground rules by 
which we operate today. Our contributions since his time have been 
mainly refinement of techniques and procedures and the expansion of his 
ideas. The major exception to this statement, and a crucial one indeed, is 
the development by Berson and Yalow' of the technique of radioimmuno- 



' K. Landsreiner. "TYm SpeciAcity or Serological Reactions" Harvard Univ. Press. Cam- 
bridge, Mai;$acbuscu$, 1^5- 

' S. A. Bcrson and R. S. Yalow. Radioimniunoassay: A status report, in "Immuiwbiology: 
Curredi Kno^M^ ledge of Basic Concept in Insmunotogy and Their CUnicai Applicatipn" 
(R. A. Good and D. W. Fisher, eds.). pp. 287-293. Sinauer. StamTord. Codnectictit, 
1971. , 
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N^s^^^ NH 

Fic. I. Available functional groups in bovine 8«n*m albumin. 



assay It is this procedure that has led to the dramatic expansion of immu- 
nological techniques into the fields of biochemistry and pharmacology. 

In 1956 our laboraiory. in collaboration with Belser and Ljebennan, 
became interested in preparing steroid -protein conjugates that were to be 
used to elicit antisieroid antibodies. An examination of the hter^mre at 
that time showed that the azo coupling techniques of Landsteiner were 
stUl dominant. Like him, we chose to use the serum albumins because 
they were inexpensive and hkely to yield soluble conjugates. ™wcver, 
an examination of the amino acid content of bovine serum albumin (BSA) 
(Fig, 1) convinced us that substitution by such relatively complex haptens 
as steiiods should be attempted by reaction with the more plentiful «- 
amino groups of the lysine residues rather than by an azo couplmg reac- 
tion with tyrosine, tryptophan, and imidazole residues. This meant fonna- 
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tion of amide bonds, for which a number of convenient new methods had 
been developed for the synthesis of peptides/ A systematic approach was 
developed in which carboxylic acid groups were introduced into the hap- 
tens in various ways so that reaction with the amino groups of the protein 
carrier could be effected. 

Rather than deal with the steroid work separately^ we will incorporate 
it into a general survey of the methods of preparing immunogenic hapten- 
protein conjugates in which the hapten a pharmacologically interesting 
compound. The arrangement will be governed by the nature of the reac- 
tive functional groups of the hapten. In this way, the information can be 
applied most easily to new compounds being considered for use as deter- 
minant groups. No attempt will be made to present an exhaustive review 
of the literature. Instead, the various procedures described will be illus- 
trated by specific examples to which the reader can refer for practical as- 
pects of the experimental methods. 



Choice of Carrier 

The protein carriers used in various laboratories include globulin frac- 
tions, the serum albumins of various species, hemocyanin, ovalbumin, 
thyroglobulin, and fibrinogen. Hapten-protein coiyugates of serum albu- 
min are, in general, more soluble than conjugates of y-globulin or of oval- 
bumin. Thus, for example, steroid -protein conjugates of bovine, rabbit, 
and human serum albumin were soluble above pH 5-5^^: similar conju- 
gates made with y*globulin end egg albumin frequently precipitated out of 
solution during preparation and could not be redissolved. Insoluble conju- 
gates can be used for immunization, but subsequent characterization of 
the antibody then becomes a more difficult problem* 

Under certain circumstances, it may be advantageous to have both 
soluble and insoluble cot\jugates containing the same determinaiit group. 
The latter can be used for the isolation and purification of hapten -specific 
antibody.** For a review of insoluble hapten-carrier conjugates, we refer 
the reader to Jakoby and Wilchek' and Williams and Chase.» 

* J. p. GfCcnstcin and M. WinMz. "Chemisiry of the Amino Acids." VoL2. Wiley, New 
York, I9ftl. 

* B. F. Erianger, F. Bonek, S. M. Beiscr, and S. Licbcrman. y. Biol, Chem, 228. 713 
(1957). 

* B. F. Erianeer, F. Borek. S. M. Beiser. and S. Li«berman. J, Biof. Chtti. 234, lOM 
(1959). 

" H. Szafran. S. M. Beiscr, and B. F. EHanger, J, im$nynoL lOJ, 1157 (1969). 
' W. B. Jakoby and M. Wilchck, cds.. This series. Vol. 34. 

" C. A. Williams and M. W. Chase, cds.. "Mcihods in Immunplogy and Imxnuno- 
chemlsiry," p. 335 ci seq. Academic Press. New Yorit, 1967. 
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Whether the choice of carrier significantly influences the antihapten 
response is a controversial subject. In the author's opinion, no really de- 
finitive study has been carried out. On the other hand, there are some who 
believe that KLH is a superior carrier.^ Thyroglobulin is a chOK^ of 
others As noted above, we chose the serum albumins, as have the great 
majority of the laboratories engaged in developing radioimmunoassays. 

With respect to the advantage of using a protein rather than a synthetic 
polypeptide as acarrier, we can refer to Jaffe et aL.'' who showed that an 
active fragment of gastrin, its C-terminal tetrapcptide amide, was ani^emc 
when covalently attached to serum protein camera but not when linked to 
poly(L-lysine) or to poIy(i--glulamic acid). Walker et al^^ m 1973 made 
similar comparisons with steroid conjugates and obtained the same result 
i.e., bovine serum albumin was a better carrier than poly(L-lysnie). (But 
also see below ,**-^^) 
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Optimal Epitope Density 

Another important question concerns the optimal number of haptens 
bound to the carrier protein (i.e.. optimal epitope density). Niswender 
and Midgley.*' using steroid protein coruugates, suggested that at least 20 
molecules of hapten should be covalently attached to a BSA carrier. Less 
than that refsults in an inferior antigen. Klause and Cross" m studies on 
(DNP)«BSA conjugates obtained good responses with as few as five DNP 
groups, with excellent booster responses. Comparable responses were 
obtained with (DNP)a.BSA. On the other hand, (DNP)5aBSA and 
DNP)«>BSA elicited an IgM response only; no change (i.e., boost) in titer 
occurred after 21 days, even with repeated immunization. It has been our 
experience that the nature of the hapten exerts an influence, but that good 
antibody titers can usually be obtained with epitope densities anywhere 
between 8 and 25- On the other hand, we have not hesitated to immunize 
with coruugates with fewer haptenic groups (as few as two) if we were 
unable to prepare "better^' conjugates (for example, with expensive oli- 
fionucleotide-protein conjugates). We have never failed to obtain a re- 
sponse, although on occasion we have had to wail longer for a suitable 
titer. 

» M. B; Rittcnbers and A. A. Amkniui, J. Immunol. 97, 421 (1966). „ ^ , 

« F- ftartci&» G. D- Oken. R. N . Lcgpr, and D. Bancs. Hes- Commun. Chem. Pathol. Phttr- 

macoL 16, 131 (1977), 
» B. M. Jaffe, W. T. Newion. and J. E. McOtiigan, Immunochcmtsrry. 7, 7i5 uv/u;. 

c! S. Walker. S- J. Clark, and H. H. Woti2, Steroids 21, 239 ( W3). 
'«G D NiswcnderandA. k-Midgley.Jr.,i/i-'lmmundlogicaJM«hodslnSier(>idDcter^^^ 

nation" (F. G. Pteron and B. F. Caldwell, cds ). Ch, 8. Appleton. New York. 1970. 
G. G. B, Klause and H. M. Crow. Cell. Immvnol. I4, 226 (1974). 
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Location of the Linkage Site 

Before we go on to describe the various chemical reactions used to 
prepare conjugates, another important consider^ion must be recognized: 
the point of attachment on the hapten. Landsteiner established in his early 
studies that antibody specificity i$ directed primarily at the part of the 
hapten molecule farthest removed from the functional group that is linked 
to the protein carrier.^ Our experiences have been similar. For example, 
many steroids share a common ring A stnicture. In agreement with Land- 
steiner, it was found that anii'testosteronc-3-BSA was better able to dis- 
tinguish among closely related steroids than was anti-testosterone-17- 
BSA-''-'* Other similar studies exist in the literature." ^® Even better 
specificiiy has been obtained with conjugates in which the attachment to 
the steroid is via a spacer Joining a protein to a position on the haptenic 
molecule that is not important for its biological specificity, e.g., the C-6 
position of an estrogen/^*' on the C-6 or C-Jl of progesterone.** An 
excellent investigation on the effect of the site of conjugation of cortico- 
steroids is that of Nishina aL^ The antibody raised to these conjugates 
is thus specific for all the important structural features of the hapten. 



Preparation of the Conjugates 

Regardless of the protein carrier used, the same functional groups are 
available for actachment to the hapten; the carboxyl groups of the C termi- 
nal and of Che aspartic and glutamic acid residues, the amino groups of the 
N terminal and the lysine residues, the imidazo and phenolic fijnctions of 
the histidinc and tyrosine residues, respectively, and the sulfhydryl group 
of cysteine residues (Fig. 1). All have been used for the preparation of 
immunogenic hapten -protein corrugates. Theoretically, the guanidino 
group of argininc is also available, but, to our knowledge, it has not been 
utilized in the preparation of conjugates. 

The functional groups of the hapten govern the selection of the method 
to be used to coi^'ugate the hapten to the functional groups of the carrier. 
The procedures described below, therefore, have been classified accord- 

S. M. Beiser and B. P. Eriangcr, Nature (London) 214, 1044 (I967>. 
»• S. M. Bcixcr, B. F. Eriangcr. F. J. Afiaic, and S. Lieberman. SvUnce 129, 564 (1959). 
S. Lieberman, B. F, Erlapgcr, S. M. Beiser, and F. J. A^tc. Recent Pmg, Horn. Res 
15,165(1959). 

" J- E- Busier and G. E. Abraham. /4rtci/. Lett. 6, 147 (1973). 

H. R. Lindner. E. Pent. A. FriedlarnJer. and A. ZcitJin. Steroids 19, 357 (1972). 
» O, Exley, M. W, Johnson, and P. O. Dean. Steroids 19, 605 (197J) 
" S. L. Jeffcoaie and J. E. SeaHe, Steroids 19, 181 (1972). 
" T. Nishina, A. Tstpi, and D. Fukushima. Steroids 24, 861 (1974). 
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ing to the functional group of the hapten utilized for conjugation. In this 
way, it is hoped that the information may be applied most easily to com- 
pounds being considered for use as determinant groups. 

Haptens with Carboxyl Groups 

This class of haptens includes those that have a carboxyl group, such 
as acetylsalicylic acid (aspirin) or the peptides angiotensin and brady- 
kinin. In addition, many haptens, such as some steroids, may have reac- 
tive groups to which a carboxyl group can be attached as, for example, by 
reaction with succinic anhydride (see below). For conjugation to protems, 
the same procedures may be used regardless of whether the carboxyl 
group is present as an inherent part of the hapten or as an added moiety. 

Mixed Anhydride Procedure 

This is a simple, direct procedure"' that does not require the prepara- 
tion and isolation of an active derivative. The coupling procedure is car- 
ried out directly with the hapten, and the product usually contams 13-23 
hapten groups per molecule of albumin. As an example of this method, 
the coupling of cortisonc-2l-hemisuccinate to protein* is illustrated (Fig. 
2) The haptenic group was converted in situ to an acid anhydnde, which 
could then react in an aqueous-acetone solution with the amino groups of 
servm albumin. 

Uridine 5'-carboxylic acid.** testosterone-17-hemisuccmate,» mono- 
succinyl ecdysterone." S-O-succinyldigito^igenin,^* choUc acid,"^ thyrox- 
ine,*** prostaglandins,** synthetic estrogens,^ clona2epam-3-hemisuccm- 
aic!*^ and reserpine^ are among the compounds linked in this way. 

Carbodiimides 

This is another direct method that has been used extensively in prepar- 
ing conjugated antigens. Uridine 5'-carboxylic acid was coupled to a mul- 

J. R. Vaughan, Jr. wd R. Omo, J- Am. Chem. Soc. 74, 676 (1932). 
" M. H. Karol and S. W. Tancnbaum, Prcc Satl. Acad, Set. t/.S.A. S7, 713 (1967), 
" M. L. deRiafi, M. H. H*ni, and M. A- C>claage. Biochem. Bicphys. Res, Commun. 66. 

1307(1975). 

*• G. C. Oliver, jr., D. M. Parker. D. L. Brasfield, and C. W. Parker, /. Clin. Invest. 47, 
1035 (1968). 

" O. J. Bcckeu* N. M- Hunter, and W. P.-R. Iain. Clin. CHim, Acta 8S, 257 (1978). 
» W. H- Churchill and D. F. Taplcy, Naturt (London) 102, 19 (1964). 
« B. M. Jaffc, J. W. Smith. W. T. Newton, and C. W, jparktr* Scitnce 171, 494 (1971). 
^ R, J. Warten and K. Foihcrby, 7- EndacrinoL 62, 605 (1974). 

»« W. R. DiKon. R. L. Young, R. NJng, and A. J. Uebman, J. Phami. Sci, 66, 235 ( 1977), 
» A. Levy. K. Kawaahima. and S. Spector, fJfe Sci. 19, 1421 (1976). 
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Fio. 2. Preparaiian of cortisone-21-hemisiicdnRte conjugale by mixed anhydride proce- 
dures. 

tichain polypeptide, poly(DL-alanyI)-poly(L-Iysinc) wiih dicyclohexylcar- 
bodiimide in a 95% dimethylformamide medium as solvent.** Coupling 
reactions car) be carried out in aqueous solution by use of ihe water-solu- 
ble carbodiimides, such as l-cihyl-3-(3-dimethylaminopropyl)carbodii. 
mide • HCIorl-cycIohexyl^3-[2-moTpholinyI-(4>ethyl]carbodiiniidemetho- 
/>-toluenesulfonatc,«'35 both commerciaUy available reagents. Angiotensin 
and bradykinin, both small polypeptides (MW approximately 1000), 
were coupled to proteins in the first utilization of ihis pn>cedure.»« The 
authors believed that the reaction was between the N-terminal amino 
group of the peptide and the protein, but provided no evidence for this. 
On the other hand, they later used similar techniques to couple angioten- 
sin (o polylysine with the water-soluble reagent yV-ethylbenzisoxazole,^' a 
reaction that is possible only if the carboxyl group of angiotensin partici- 
pates. One case in which it was definiieiy established that carbodiimides 
activate the carboxyl group of the peptide relates lo the production of an- 
tibody to gastrin tetrapeptide." In this case, the amino end of the peptide 
was blocked by af^rz-butyloxycarbonyl (f-BOC) group. The r-BOC group 
was subsequently removed with trifluoroaceiic acid. Carbodiimides were 
also used by Dietrich" and by Haber et ai^^ Additional components of 

" niwr' ^' S<=^>«=Hter. Froc. Nad. Acad. S^i. U.S.A. 52, 285 

1 \' ^J"?^' A- Crvickshmik. and G. L. Boshait, J. Org. Chem, 26. 2525 r I96M 

37 I T yy^'^''' ""^ ^ ^^sm^^ Science 143, 1344 (1964). 

2 p. M.SL";;,°-^^^^^ Irvine, 3, ,,966, 
»• E. Haber. L. B. P»ge, and G. A. J*eoby. Blochtmlsiry 4, 693 (1965). 
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- J D. Yoong. D. I. Byms. D. J. ChishDi™. F. B. GrilBtb«. and L. Uzan«.y. Nuc/. M^*». 

?'Z1S"d. M. Kipnis. R. Utiscr, and C. P»rk«. P~o. N«r,. /icarf. Sd. t/.^.>t. 
«!f'vrw»,.i.. B. ^«.erm.n. and L. L.vi„c... .'Hc.n^oi. E^. 7*c. «0. 5,4 
-ii'^in Vu„^«. J. T. Furrow. H. B. and L. Uvin*. i'n>C. Ac^rf. Scf. 

« F A Fiizi»irick and O. L. Bundy. Pnc. Nt>il. Acnd. Sc. U.SA. 75, 2689 <>^f- 
« A. BrSS J. B. Stn,ng. L. K. Pickering, and G. P. BH.dcy. Anun,.crob. Agent. 
Chemoiher. 10,652(1976). ^„_„, 37 619 < 1977). 

« A W MBlkte J A Weed, and F. H. J. Tyler, J. Clin. EndocnnQl. Mttub. 41, 717 ( 1973). 
I H. van vSicU. D. S^.;^n«n. and H. B. Ojika. Be.. Co^un. C**«. Po,Ho,. F,u,r. 

a "Ind! K.'Seldt. B. Hald. P. K«>sh. and K. Poulsen. Aca ParHoK 
»fElLewu'/?'Sn.andH.A.Eld«r.N«r-r,fW^^ 

75, 417 (1977). 
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Fic- 3- Mechanism of cartMdiimide^tnfidialed prejyaralion of amides- 



The conditions of the reaction are very simple. The carrier^ an excess 
of hapten and the reagent are simply stirred together in an aqueous solu- 
tion for min to several day^ depending upon the procedure. The reac- 
tion is followed by dialysis, and the product is isolated by lyophilizution. 
The reaction mechanisnrj is as shown in Fig. 3. There arc two possible 
pathways, the desired one being catalyzed by H+. The protein carrier, 
however^ Is most reactive at higher pH, where dissociation of the lysine 
ammonium groups occurs. A compromise is therefore necessary to pro- 
vide the most favorable conditions; a pH near 6 is usually chosen. In our 
experience, the use of water-soluble carbodiimides has not always been 
successful. On occasion, extensive altemion of the carrier has occurred 
with little if any substitution by haptenic groups. It is possible to be led 
astray because antibody is produced to the altered protein, and this anti- 
body does not react with the protein in its original state. Nevertheless, it 
is a generally efficacious method of preparing conjugates. 

It is of interest that water-soluble carbodiimides have been used to 
couple nucleotides directly to proteins, presumably by formation of a P-N 
bond.'*-'" 

MisceUaneous Carboxy I Methods 

An aspirin-protein conjugate was prepared by first convening aspirin 
(acety)salicylic acid) to the acetyisalicylazide.^^ The azide was coupled to 
rabbit serum globulin in a 1: i dioxane^water solution maintained alkaline 
to phenol phthalein by the addition of base. About 25 to 35 haptenic 

** M. J. Halloran and C. W. Piirkcr, J. ImmunoL 96, 373 U%6). 

M. J. Halloran and C W. Pbrkcr, J. Immunol, 379 (1966). 
» M. Z. Humayun and T. M. Jacob. Biochim, Biophys, Ada 331, 41 U973). 
" S. A. Khan. M. Z. Humayun, and T. M. Jacob, Nud. Atidi> Res. 4, 2997 (1977). 
» S. A. Khan and T. M. Jacob, SkcL Aci<fs /iex. 4, >W7 (1977). 

G. C, Butlerv C- R- Harington, and M. E. Vuill. Biochem. J. 34, 838 (1940). 
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Fig. 4. Preparaiion of amides using ;v-hyditixysuccinimide. DCC. dicyclohcxytcarbodii- 
midc- 

groups were conjugated per molecule of globwlin. A similar procedure 
was used for thyroxine.** Antibodies specific for thyroxine have also been 
obtained by using, as antigen, telraiodothyropropionic acid coupled to 
protein by the mixed anhydride method." 

The conversion of aspirin to an acid chloride thai can react directly 
with protein was also reported.**' 

The insect juvenile hormone DL-lO.U-epoxyfaniesoic acid was cou- 
pled to protein by a procedure that should find extensive use.^«| We had 
been unable to effect the reaction with water-soluble carbodiimides, ob- 
taining only unsubsiituied, altered protein (see above). The N-hydroxy- 
succinimidc ester was prepared by reaction of the juvenile hormone with 
7/-hydroxysuccinimidc (commercially available) in the presence of dicy- 
clohexylcarbodiimide (Fig 4). N-Hydroxysuccinimide esters are used in 
peptide synthesis.^ They are quite stable if kept dry but react quickly and 
in good yield with amino groups to form amide or peptide bonds. Conju- 
gates containing 20 juvenile hormone groups were used to raise specific 
antibodies in rabbits. Antibodies to ecdysone were made similarly.®' 

Carbonyldiimidazole is another commercially available reagent that 
has been used to link haptens lO proteins by means of amide bonds, for 
example in the preparation of a BSA conjugate of fluoxymesterone.«> 

» R. F. Clutian, C. R. Hamngton, and M. E. Yuill, Bfochem. J. 31, 1119 (1938). 
<" L. M. Wcincr, M. Rosenblau. »nd H. Howes, Immunot, 90> 788 (1963). 
« R. C. Lauer, P. SoIomHn, K. Nokanishi. and B. F. Erlanger. Proc. 32, 500 (1972). 
" R. C. Laiicr, P. H. Soloman, K. Nakanishi. artd B. F. Erlanger, Expenrntia 30, 558 
(1974). 

" O. W, Anderson, J. E. Zimmerman, and F. M. Callahan. Am. Chem. Soc. 66, 1839 

" R. C- Lauer, P. H. Soloman, K. Naltimi«hi, and B.F. Erlanger, Exptii^niia 30. 560 
(1974). 

« W. A. Colbum, Steroids 25, 43 (1975). 
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Haptens with Amino Oroups 

Two classes of haptens with available amino groups must be consid- 
ered — the aromatic amines and the aliphatic amines. 



Aromatic Amines 

Much of Land3teineT\s pioneer work' was carried out with haptens 
thai were aromatic amines. The compounds were converted to diazonium 
salts with nitrous acid and allowed to react with proteins at alkaKne pH 
(approximately 9), Reaction occurred primarily with histidine, tyrosine, 
and tryptophan residues of the protein carrier. For a representative proce- 
dure, see Kabat*^ (p. 799 et seg,). An interesting application of this proce- 
dure was the preparation of a chloramphenicol- protein conjugate which 
was used to elicit antilKidies specific for chloramphenicoL^^ In this case, a 
prior reduction of the nitro group of chloramphenicol to an amino group 
was required. As early as 1937. carcinogenic compounds were coi\jugated 
to protein carriers by means of their isocyanate derivatives which were 
prepared from amines.^^ Immune sera were raised, and their properties 
were studied.***^** 



Aiipkatic Amines 

Aliphatic amines can be caused to react with proteins by using water- 
soluble carbodiimides. Examples include bradykinin and angiotensin,^ 
tobramycin,** gentaraicin,^ adriamycin,^' 5-hydroxytryptamine (sero- 
tonin)," cortisol-21-amine,'' and spermidine.^* 

Aliphatic amines can be converted to ap-nitrobenzoylamide by reac- 
tion with p-nitrobenzoyi chloride. The amide derivative can then be re-, 
duced to a p-aminobenzoyl derivative which can be coupled to proteins 
by diazoti^ation, as described above. Among the haptens conjugated this 



*^ E. A. Rabat. "Kabai and Mayer's Experimental immunochernistry," 2nd cd. ThprnHK, 

SprirtgAeld. Illinois. 1961* 
« R. N- Hamburger. Scienct 152, 2W (1966). 
^ H. 1. Creech, Cancer kes. 12, 537 (1952). 
" H. J. Ciwch and W. R, Franks, aw. J. Cancer 30, 355 <IW). 
" Y. -H. Chien and L. Levine. ImmunocHemisfty 12, 291 (1975). 
^ B, Pteskar and S. Spcctor, Science 179, J 340 (1973). 

" Y, Kobayashi, T. Ogihara, K. Amiiani, F. Watanabe. T, Kigwshi, I. Ninomiya, and Y. 

Kum^ham, Steroitis 32, 137 (1979). 
" F. Bartos. D. Bancs. A. M. IXiIn*y, D. P. Gretcie. and R. A. Campbell, Res. Commun, 

CH<m. pQtkoL Pharmacol. 19, 295 (1978). 



PA(£ 57/91' RCVD AT »5 3:48:05 PM [Eastern DayDght rim^^ 



MAY. 9.2005 4:04PM-^51 3 241 6234- 



•NO. 7624— P. 58" 



JDS 



[4] 



[4] 



ANTIGENIC HAPTEN* CARRIER CONJUGATES 



97 



0 groups must be consid- 



carried oui with haptens 
converted to diazonium 
h proteins at alkaline pH 
with histidine, tyrosine, 
or a representative proce- 
application of this proce- 
-protein conjugate which 
phenicol.'s In this case, a 
snicol to an antino group 
ipounds were conjugated 
! derivatives which were 
*ed, and their properties 



way are a series of C-terminal peptide sequences of the tobacco mosaic 
vims protein'*-" and angiotensin."*^ 

Angiotensin has also been attached by its N-tenninal amino group to 
the amino groups of a carrier by means of the bifunctional reagent m-xy- 
lylene diisocyanate.^^Tolylene2,4-diisocyanatehas been used in a similar 
manner to prepare bradykinin cotuugates.^<> Haptens containing amino 
groups have also been covalently linked to amino groups of protein car- 
riers with glutaraldehyde. Among the haptenic groups conjugated in this 
manner are adrenocorticotropic hormone (ACTH),^' glucagon." and nor- 
metanephrine." 

A novel procedure has been used to link nortryptyline to BSA.®^ Its 
aliphatic secondary amine was converted to a succinamic acid derivative 
that was caused to react with the protein by using a water-soluble carbo- 
diimide. The antibody was used to assay for various tricyclic antidepres- 
sants, including imipramine. In another novel procedure involving nor- 
tryptyline, the secondary amine was allowed to react with A^-(4-bromo- 
butyl)phthalimide. After removal of the phthalimido group, Ihe resulting 
primary aliphatic amine was caused to react with carboxyl groups on BSA 
by using a water-soluble caitodiimide,« *« 
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Haptens with Available Hydroxyl Groups 

This class of haptens includes alcohols, phenols, sugars, polysaccha- 
rides, and nucleosides. In most cases, derivatives of this class of com- 
pounds must be made in order to introduce functional group.^ capable of 
reacting with proteins. 

He mi succinates 

A simple procedure, first introduced in our work with steroid-protein 
conjugates* is the conversion of the alcohol to the half ester of succinic 

" P. A. Anderer, Biochim. Biophyt, Acia 7|, 246 (1963)- 

" F. A. Andcro-ancl H. D. Schlumberger, J}/oc^/». Biophys. Ada llS^ 222 (1966). 
" F. A. Ande/fcr and H. D. Schlumbcrger. Biochim. Biophys. Acta 97, 503 (1965). 
" S. D. Deodhar,/. Exp, Med. Ill, 4l9 (1960>. 
" S- D. Dcodhar. /. Exp, Me<f- 111, 429 (I960). 

J. Spmge, K. F. Austen, and E. H2b«r, J. Immunot, 96, 665 (1966). 

M. ReichKn, J. J. Schnufft, aad V. K. Vance. Froc, Soc. Exp. Bioi. Med. 128, 347 (1968). 
" L. A. Frohmau, H. Rcichlin, and J, E. Sokal, Endtfcrinoiofty 97, 1055 (1970). 
" B. A. Pesskar. B. M. Peskar, and L, L^vinc. Eur J. Biochem. 26, 191 (1972). 
" D. J. Branswick, B. Needleman. and J. Mendels. Ufe Set. 22, 137 (1978). 
» G. W. Aherae. E. M. Piall, and V. Marks, Br, J. Clin. Pharmacol. 3, 561 (1976). 
•* K. P, Mafiuirc. G. D. Burrows, T. R. Noraian, and B. A. Scoc;gin4, Clin. Chem» 24, 549 

(1978). 
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acid (I.e., ihe hetnisuccinate). The hemisuccinaie has an available car- 
boxyl group that can be made to react by any of the procedures described 
above. Conversion to the hemisuccinate requires a reaction with succinic 
anhydride in pyridine. A representative procedure can be found in the 
papers on steroid-protein conjugates/* Another example is the prepara- 
tion of the hemisuccinate of cycHc adenosine monophosphate (cAMP)/' 
More recently, in an excellent study of the specificity of antiescrogcn anti- 
bodieb." Ila-hydroxyhemisuccinates of estrone and estradiol were pre- 
pared and linked to BSA by the mixed anhydride technique. Other exam- 
ples include hemisuccinates of /3-dl-methadol,'« 3-hydroxy clonazepam,'' 
ecdysterone," propanoloU" A»-tetrahydrocannabinoU^ and l-/3-D-ara- 
binofiiranosylcytosine,^' 

Chlorocutbonates 

Another alternative is the reaction of the determinant group with an 
equimolar quantity of phosgene to yield the highly reactive chlorocarbon- 
ate, which reacts directly with the amino groups of the protein in the pres- 
ence of bicarbonate. An example is the conversion of testosterone to tes- 
tostcrone-17<hlorocarbonate/ 

Aminophenyl Derivatives 

Phenols can be converted to active reagents by reaction with diazo- 
tized p-aminobenzoic acid. In this way, a carboxyl group is introduced 
into the molecule. This type of reaction was carried out successfully with 
l7^-estradioL*» More recently, a similar procedure was used to make con- 
jugates of A'-tetrahydrocannabinol®* and rescrpine.'** 

The classical procedure for the coupling of sugars to proteins involved 
the formation of p-nitrophenyJglycosides, the conversion of the latter by 
hydrogenation to p-aminophenylglycoside, and then attachment to the 
protein by diazotization. This method was used by Landsteiner* for a 
number of preparations. A variant of this method, used by Goebel"-*' and 
Coebel and Hotchkiss,** was conversion to the aminobenzyl ether fol- 
lowed by diazotization. 

F. C. den Hollander, B. R. van Wcemcn, and G. F. Woods, Steroids 23, 549 U974). 
« K, Kawaahima, A. Levy, and S- $pecwr.7. Pharmacol. Exp. Ther. 196, J 17 (1976), 
" P. T. Tsui. K. A. Kelly, M. M. Ponpipon. and A. H. Sehon, Can. J. Biochem. 52, 252 

*• N. WcJiky &nd H. H. Weetall, Immunock&mlxtry 2, 293 (1965). 

•» W. F. Gocbel. J. Exp. M^d. 64, 29 (1936). 

" W. F. Goebcl. y. Exp. Med. 68, 469 (1938). 

« W. F. Coebel and R. D. Hoichkiss.J. Exp. Med. 66, 191 {mi). 
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Oxidation lo Dialdehydes 

A relatively simple procedure develppcd for the preparation of nucleo- 
side- and nucleotide -protein conjugate^'^ makes use of the reaction of 
vicinal hydroxy) groups with periodate to yield dialdehydes (Fig. 5). The 
dialdehydes, without isolation, are caused to react with the amino groups 
of protein at pH 9.5 in aqueous solution to yield aldimines, which are sta- 
bilized by reduction with sodium borohydride. Only the Anal conjugate is 
isolated in this procedure, which is simple to run and yields conjugates 
with as many as 30 determinant groups per molecule of albumin. It should 
be applicable to all compounds with vicinal hydroxy] groups, such as gly- 
cols, glycerol derivatives, and glycosides* and has been used successfully 
for the preparation of digoxin -protein conjugates" and ouabain. Modi- 



'ds. Steroids 23, 549 (1974). 
Exp. Ther. 1*6, 5!7( 1976). 
on. Can. J. Biochem. 52, 252 

%5). 



(1937). 



^ B. F. Erlanseraxid S- M. fieiscr, ^roc. Natl. Acad. Sci. U.S.A. 52, 6S (1964). 

^ B. p. Eriangcr, D. Scniizftr, O.J. Minett and S. M. Beifier, Acta Endocrinol. (Copenha- 

Ren} Sappt. 168, 206 (1972). 
M R. M. D*Alisa and B. F. Erlviger, BiochemUtry D, 3575 (1974). 
^ R. M. D'Alisa and B. F. EHanger, 7. Immunol. 116, 1629 (1976). 
** S. M. Bciscr, S. W. T&nent>auin. and B. F. Erianger* this series, Vgl. 12B, p. 889. 
" V. P. Butler and J. P. Chen, Proc. Natl. Acad. Sci. U.S.A. 57, 71 (1967). 

T. W- SmLch, J. CUn. invest. 51, 1583 (1972). 
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fications Kave been made to prepare coixjugates with alkaline-sensitive nu- 
cleosides and nucleotides. u ^- - 

In a recent procedure to detect carcinogen-DNA adducis by radioim- 
munoassay, '"^ A/^guanosin-8-yl)aceiylaminofluorine was linked to BSA 
by the periodate method, and the conjueate was used to elicit specific an- 
tibodies to this product, which is fonned when yv-acetoxy.2-acetylamino- 
fluorene reacts with DNA. 

Oxidation to Carboxyl 

Oxidation of the 3'-hydroxyl groups of uridine,**-'** pseudouridine « 
and other nucleosides" has made it possible to conjugate these com- 
pounds to proteins by methods amenable for the reaction of carteoxyUc 
acid derivatives wiih proteins. 

Miscellaneous Hydroxyl Methods 

Another method of seemingly general applicability to carbohydrates 
was used by Coat et a/."» to conjugate uridine to proteins. The isopropyli- 
dine derivative was allowed to react wiihp-nitrobenzoyl chloride to yield 
the 5' ester. Removal of the isopropylidine protecting group and hydro- 
genaiion of the nilro group made it possible to link the uridine derivative < 
to the protein by a diazotization reaction. 

Some rather novel chemistry was described in two recent very inter- 
esting papers describing a radioimmunoassay procedure for ADP-n- 
bose Adeninc-N«-carboxymethylated NAD was prepared and con- 
vened to A/«-carboxymethylaled ADP-ribose by NAD glycohydrolase. 
/V«-Carboxymcthylated ADP-ribosc was then linked to BSA using water- 
soluble carbodiimide. 

The bifunctional reagent sebacoyl dichloride has been used to convert 
alcohols to acid chlorides, which, at pH 8.5. react readily with proteins. 
This procedure was used by Bailey and Builcr»»" to prepare a cholesterol - 
protein conjugate. 
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Haptens with Carbonyl Groups 

Ketones and aldehydes can be used as haptenic detenninant groups by 
converting ihem to 0-(carboxymethy!) oximes. This Is done by reacting 
thein with 0-(cart)oxymethyl)hydroxyIaniinc (NHjOCHjCOOH. sold 
commercially as carboxyimethoxylaminc or aminooxyacetic acid). This 
serves to introduce a carboxyl group, which is exploited as described 
above- Examples of this methodology can be found in the coupling of 
testosterone-H<?-carboxymethyl) oxime, estrone-17-(0-carboxymethyl) 
oxime, and pfogesteronc-20-(carboxy methyl) oxirae to bovine serum al- 
bumin with the mixed anhydride technique."'* Prepared in a similar man- 
ner were the 3.{0-carboxymethyl) oxime derivative of medroxyproges- 
terone acetate,'*** the 3-caH5oxymelhyl oxime of aldosterone- 18-2 1 -diac- 
etate."** Similarly, O-carboxymcthyl derivatives were prepared from the 
synthetic progestogens norethisierone and norgestrel-"' 

5a-Dihydrotestosterone-ll-(^-carboxymethyl) oxime was synthe- 
sized"'' in an elegant multisiep procedure that included a microbiological 
reduction and a scieciive hydrolysis of a dioxime. The final product was 
prepared by reaction of 17/3-hydroxy-5a-androsiane-3, 11-dione-ll-oxime 
with sodium chloroacetate to give the O-cai boxy methyl oxime. 

The ketone groups of aldosterone, corticosterone, and Cortisol were 
derivaiized with p-hydrazinobenzoic acid."» The resulting carboxylic 
acid derivatives could be linked to BSA with water-soluble carbodiimide. 
Aldehydes can be conjugated to proteins directly by SchifFbase formation 
followed by stabilization of the bond by reduction with sodium borohy- 
dridc. Pyridoxal and pyridoxal phosphate are examples of haptens conju- 
gated in this manner. 
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Other Reactions 

Penicillenic acid was conjugated to protein by an interesting procedure 
that included modification of the protein carrier."* Penicillenic acid has a 
reactive sulfhydryl group capable of forming disulfide bonds with other 
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sulfhvdryl groups. The carrier proteins (e.g.. human T-globulin or bovine 

iSetylhomocysteine thiolactonc.'" The coupling reacuc^ J 
ces?of peoicillemc acid was then carried out in acetate buffer at pH 4 m 

"'Ct^SS to p'rSesterone was also obtained by immunization with 

conSSte? prepared from thiolated proteins."." Bovine 

wasSlatcd by reaction with S-aceiylme.captosuccm.c anhydr.de. After 

Setylation. coupling was achieved with ^^-^^^T^'^fS^TL^^n 
Bis-diazotized benzidine can be used as a bndging reagent between 
prot^L^ hSens containing aromatic groups that react with diazon- 

rum'l^unds' A conjugate 0^^^^^^^!;^^^^^^''"^^^^^^ 
contains a reactive histidine residue) was obtained In this way. 

A novt 1 ajjioach has been to aUow serotonin to react with protein v^ 
the Munich rLiion.'" This is a simple reaction thai enables one to use 
S™«Sehvde as a bridge between the amino groups of a protein and com- 
;3fc'oSSSetrmor.«acUveh 

has also been used to prepare reserpine coiyugates." Tbc antibody titen. 
were not as satisfactory as those elicited by conjugsrtes P^P^^^d b> ap- 
Tartoxyazobenzene derivative linked to BSA by the mixed anhydnde 

^"?mong the low molecular weight haptens that 

lerminant groups ai« substances that are reactive enough to be coupled to 

pSTiirectl'y. Dinitrofluorobenzene ha^.J-^ffilXrbe'^^^^^^^^^^ 
for the stimulation of antidlnilrophenyl antibodies These have been very 
usefiil in studies of the binding characteristics and f ^Xv " 

globulins. Antibodies that react with de'>»y"»«'n"^'*?l*"^ J*!* 
Seen elicited by immunization with the product of the reac ion of 6-tn-, 
SroSylpurine— with BSA. Wucleodde prote n conjugate, have 
also been made by using cari»odiimide to link «"<=l«ot.de to the p^^ 
tein ^ Antipenicillin antibodies have been produced by immunizaUon 
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with penicillin -protein coiuugaies. The latter were prepared by the reac- 
tion of penicillin with protein under slightly alkaline conditions,'*^-"* 

A tetrahydrocannabinol- BS A conjugate has been made by reaction 
with lO-iodotetrahydrocannabinol-WsoCyanatc^" t-Phenylalanine mus- 
tard is another example of a reactive hapten.'*' 

Characterization of the Cory agates 

GeneraJJy, the haptenic group has an absorbancc spectrvm that can 
allow one to differentiate it from the protein carrier. This is particularly 
true for azo derivatives, which absorb in the visible range. However, even 
if thero is overlap in the two spectra, reasonably accun^ie determinations 
of the number of haptenic molecules per carrier protein can be determined 
from difference spectra. 

A more convenient and direct procedure, introduced by Abraham 
^i/,,'^* is the incorporation of 40me radioactive hapten in the conjugation 
procedure. A direct estimation of the extent of substitution can be made 
by counting undialyzable radioactive material. 

A procedure introduced by us for steroid- protein conjugates* was the 
estimation of the remaining free amino groups with the dinitrophenylation 
technique of Sanger.'^ e-Dinitrophenyllysine was not isolated but was es- 
timated directly by spectrophotometry after ether extraction of the acid 
hydrolyzate. A control with unsubstituted carrier was always run concom- 
itantly, and the difference between the two was taken to be the extent of 
substitution by hapten. 

We have also used a procedure of Habeeb"" in which iriniirobenzene 
sulfonic acid is used as the reagent for estimation of free amino groups in 
the cot\juga(e. Spectrophotometriccomparlsonoftheintactprotein conju- 
gate and the original carrier protein is possible: no acid hydrolysis is re- 
quired. We found this procedure to be convenient and entirely satisfac- 
tory, an example being the case of insect juvenile hormone- protein 
conjugates.**-*^ 
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General Comments 

It was not the purpose of this review to present a comprehensive sur- 
vey of hapten-pioiein conjugates, but rather to provide sufficient inform 
motion to guide the researcher in the design of his or her particular experi- 
ments. On the other hand, the most practical approaches to the 
preparation of hapten-protein conjugates were cited. 

Many of the methods used to prepare immunogenic conjugates have 
also been used lo link drugs to carrier molecuies (including antibodies) in 
order to 'tai^t ' cytotoxic drugs. Two reviews that are useful in that 
they describe many of the methods used to make the camer-divg conju- 
gates are those by Trouef« and by Ghose.'« The information in these re- 
views should be useful to immunologists as well. 

A. Trouet, Eur. J. Cancer 14. 105 (1*78). 

T. Chose, J. Nail. Cancer hsi. 61, 637 (197S). 
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Immunization 

The explosion of interest in immunoassay procedures during the last 
two decades has resulted in an enormous volume of Uierature descnbing, 
for the most part, satisfactory results of immunization. Dunng the same 
period, knowledge of the underlying mechanisms of the immune response 
has advanced greaUy from an origina] state of almost tota^ ignorance. Per- 
haps unfortunately, those who have pursued basic understanding have 
seWom been much concerned with the practical problems of making use- 
ful reagent antibodies- As a result, with few exceptions the literature of 
immunization does no more than describe successful procedures, and the 
variety of these is legion. In the usual way of things, abortive attempts are 
seldom mentioned, let alone described, yet anyone with practical expen- 
ence who has also discussed the matter with colteagues will be well aware 
that all the successful methods have also, at other limes or in other places, 
singulariy failed to give the desired results. Not suiprisingly, the failure 
rate is higher when making antisera for more demanding test systems, 
such as radioimmunoassay, than for immunoprecipitin methods, for in- 
stance. Much of the uncertainty over the outcome of immunization may 
be ascribed to variations in individual animal response; however, when an 
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